A Q-enhancement strategy for racetrack microresonators is put forward. The design is based on the modification of the resonator geometry in order to mitigate the two main sources of radiation loss in the presence of curved waveguides: the discontinuities at the junctions between straight waveguides and the bent sections, and the continuous loss at the curved waveguide sectors. At the same time, the modifications of the geometry do not affect the versatility of coupling of racetrack resonators in integrated optical circuits, which is their main advantage over ring microresonators. The proposal is applied to the design of high-Q racetrack resonators for the silicon nitride CMOScompatible platform having bent radii amenable for large-scale photonic integration. Numerical calculations show over 100% improvement of the Q factor in Si 3 N 4 /SiO 2 resonators.
Introduction
Racetrack and ring microresonators are highly versatile elements within integrated photonics with applications as add-drop multiplexers [1] , optical filters [2] , optical switches [3] , sensors [4] , modulators [5] , or in slow light systems based on coupled resonator waveguides [6] . These microresonators can be implemented in a variety of optical integration platforms: silicon on insulator (SOI) [7] , silica on silicon [8] , polymer [9] , Si 3 N 4 /SiO 2 [10] , GaAs/AlGaAs [11] , or InP/InGaAsP [12] .
A key parameter characterizing the performance of a resonator is the quality factor Q [7] . In the time domain, the Q-factor of a resonant mode is determined by the 1/e decay time of the electromagnetic energy stored in that mode. In the frequency domain, it is equivalently characterized by the sharpness of the resonance relative to its central frequency. Its value depends on the total loss, including both the effects due to coupling to an external circuit and those associated to the propagation in the ring. In the absence of external coupling, the intrinsic Q-factor is called the unloaded Q of the resonator. The coupling of the microresonator to an external waveguide modifies the resonator Q to its loaded value Q L . Although in certain applications, such as optical delay lines, a low value of Q L is usually desirable to increase the transmission bandwidth [13] , any reduction of the intrinsic Q in this cases results in performance degradation and high values of the unloaded Q, limited by the radiation and/or transmission losses, are most typically advantageous.
There are various contributions to the round-trip loss in an unloaded resonator: the intrinsic propagation loss of the waveguide material, the effect of the roughness of the waveguide walls or the effects due to the bending in the curved waveguide sections. In high contrast integrated optics platforms, the effect of bending can be negligible even for very small radii of curvature. Such is the case in SOI photonic circuits. In this platform, on the other hand, the intrinsic propagation losses are relatively high. The converse situation is found, for instance, in Si 3 N 4 /SiO 2 integrated circuits, where intrinsic losses are very small, but the reduced waveguide core/cladding refractive index contrast relative to that of SOI can result in higher values of the radiation loss due to waveguide curvature.
Ring microresonators offer higher values of Q when compared with racetrack microresonators. For a fixed FSR, the bending radius is larger in the ring configuration, which is also free from the discontinuities at the junctions between the straight and curved sections. Nevertheless, the straight sections in the racetrack geometry permit a more accurate control of the coupling to external waveguides that is limited by the fabrication tolerances. This often makes the racetrack arrangement the preferred option [14] .
A pulley type configuration, with the coupling bus waveguide surrounding the resonator, has been shown to reduce the radiation loss and to provide very high Q factors when used in microdisk [15, 16] and microring [17] resonators, even though improvements have been more elusive in the case of racetrack microresonators [17] .
In the pulley geometry, the bus waveguide is a design element both of the resonator and the coupling system, resulting a largely restrictive configuration. In this work, we exploit the radiation quenching properties of the external slab in pulley resonators but with independence to the coupling of the resonator. This is supplemented with the lateral offset [18] technique to reduce the loss due to the transition from the straight to the bent transmission section, which had been previously addressed for GaAs-AlGaAs resonators [19] . The resulting geometry is shown to provide large improvements in the Q factors of racetrack microresonators. This is particularly interesting when the radiation loss can dominate the intrinsic propagation loss, as it is the case in silicon nitride photonic integrated circuits. At the same time, the versatility of racetrack microresonators as key design elements of integrated optical circuits is kept intact, since the geometry modifications affect at the resonator itself and not the coupling properties to the optical circuit.
2 The silicon nitride platform: device fabrication considerations
The photonic integration platforms that exploit the broadly established complementary metal-oxide-semiconductor (CMOS) infrastructure are particularly appealing. Among them, the silicon-on-insulator (SOI) [7] is the most developed one, and has footed the development of an incipient silicon photonics industry. Large scale photonic integration is facilitated by the large index contrast of SOI waveguides. Nevertheless, other limiting factors, such as two-photon absorption, affect nonlinear photonic applications. Silicon nitride is an emerging CMOS-compatible alternative to SOI photonics. Even though the refractive index contrast is smaller than that of SOI, it offers reduced intrinsic linear [20] and nonlinear losses [21] . Very small linear losses are very interesting, for instance, for quantum applications operating at the single-photon level [22] . Low nonlinear losses, on the other hand, are very appealing for nonlinear photonics applications [21] . Further applications of the silicon nitride platform include coherence tomography [23] or lab-on-a-chip devices [24, 25] . We will assume a typical Si 3 N 4 /SiO 2 channel waveguide geometry as shown in Fig. 1 . In order to obtain high optical quality deposited films, the silicon nitride layer height h is limited to values of h < 400 nm due to film stress. Catastrophic cracking occurs at thicker layers, severely limiting device performance [26] . Extremely thin silicon nitride films [27] avoid stress issues. More sophisticated fabrication processes, for instance, with the introduction of mechanical trenches for isolating photonic devices from propagating cracks [26] , permit to grow thicker (h > 400 nm) Si 3 N 4 layers with better confined optical modes and smaller radiation losses.
Ultra-high Q silicon nitride ring microresonators with very thin Si 3 N 4 layers have highly delocalized modes and require bend radii in the millimeter range [27] . Even for thick Si 3 N 4 films with improved mode confinement, ring radii are still over one hundred microns [26] . This contrasts with high-Q silicon ring microresonators that can have radii comparable to the optical wavelength in vacuum [28] . Large rings not only hinder large scale integration, but the corresponding reduction in the free spectral range can also impose a severe limitation for certain applications. As discussed below, one of the radiation quenching geometry modifications can also be applied to ring microresonators, even though this work focuses specifically on the racetrack geometry.
In the design of complex integrated photonic circuits, racetrack microresonators offer superior versatility over ring microresonators due to the better control of the coupling coefficients to the external optical circuitry, but they suffer from increased radiation losses due to the transitions of straight to bent waveguide sections. In this work, we will seek practical values of the bent radii of the racetrack resonators compatible with large scale integration in the silicon nitride platform by the implementation of mitigation measures for the sources of radiation loss. 000000000000000000000000 000000000000000000000000 000000000000000000000000 000000000000000000000000 000000000000000000000000 000000000000000000000000 000000000000000000000000 000000000000000000000000 000000000000000000000000 000000000000000000000000 000000000000000000000000 000000000000000000000000 000000000000000000000000 000000000000000000000000 We will assume an intermediate channel waveguide geometry (similar, for instance, to that of [29] ), with relatively high mode confinement within the film stress limits. The parameters assumed are w =1 µm and h =300 nm. The refractive indices of silica and silicon nitride have been taken as 1.4501 and 1.9792, respectively. With these parameters, the devices support both quasi-TE and quasi-TM polarized modes, but coupling between the two polarizations is expected to be negligible [26] . In the analysis, we will focus on the lowest order quasi-TE polarized mode.
In the fabrication process, there is a deviation between the actual waveguide width and the waveguide within the mask layout; the so-called underetch. This deviation is due to mask erosion and the etching processes, but its effect can be handled automatically in the mask layout by the rendering software. Besides the underetch, there is also a variation in the waveguide width across the wafer due to the lithography process. The waveguide-width tolerance across the wafer can be typically of 100 nm.
Proposed scheme
There exist two main and independent radiation loss mechanisms associated with the propagation in curved waveguides [30, 31, 32] . The first one is the coupling mismatch existing between the optical mode field in the straight waveguide section and that of a curved waveguide with constant curvature. The second one is the continuous radiation loss of the modal field in the curved transmission sections. Since these two sources of radiation loss have clearly distinct physical origin, they are addressed independently in the proposed scheme and any possible correlation effect in the geometry modifications is neglected at the design stage. The losses at the waveguide transitions are dealt with using the lateral offset technique [18] . For the radiation of the bent sections, the intrinsic radiation quenching mechanisms of pulley resonators [17] is adopted. With an adequate design, the waveguide around the resonator in a pulley configuration has the effect of reducing the radiation loss when the modes in the inner and outer coupled structures are phase mismatched. This is similar to the result of phase mismatch in asymmetric couplers [33] , where the coupler supermodes do not have the typical even and odd distributions of symmetric couplers, but are mainly localized at one of the guides and evanescent at the other. For a bent guiding structure the presence of a nonsynchronous parallel curved slab has the effect of reducing the radiation loss [17] . The conventional geometry of a racetrack microresonator is shown in Fig.  2 (a). This geometry is fully defined by the waveguide width w, the radius of the bent sections R and the length of the straight sections L s . It can be compared with the proposed scheme in Fig. 2 (b) . The modifications include a lateral shift l of f of the straight waveguides and the existence of radiation quenching curved exterior sectors of width w e and inner radius of curvature R e . The nonsynchronous condition of the curved coupler will require that either w e < w or w e > w. The angular extent of the exterior sectors is limited by the angular parameters θ l , l = 1, 2, that are intended to be adjusted to permit the coupling of the resonator to other structures either from one side or both sides. Large values of θ l are suboptimal in relation with the maximal reduction in the radiation loss. This effect is studied in the following section.
The effect of the geometry modifications on the radiation patterns near the straight-to-bent waveguide junction can be visualized in Fig. 3 . For these results, the continuous-wave excitation vacuum wavelength is λ 0 = 1.55 µm and the bend radius is R = 15 µm. Fig. 3 (a) displays the main features of this radiation, with one component beamed along the axis of the straight incident waveguide and a second component continuously shed in the bent section. The introduction of the lateral offset of l of f = 0.9 µm permits to match the mode field in the straight waveguide to that of the curved section, with a main lobe displaced towards the waveguide edge. This drastically reduces the beam-like radiation component in Fig. 3 (b) . Fig. 3 (c) shows the effect of the introduction of an exterior ring with a radius R e = 17 µm and a width w e = 400 nm. In this case, it is the continuous radiation contribution due to the waveguide curvature the one that is largely reduced. Finally, 
Modeling
The 3D buried channel waveguide geometry shown in Fig. 1 is reduced to a 2D problem using the effective index method [34] . We focus on the quasi-TE mode field polarization, with the electric field predominantly polarized along the wider dimension in Fig. 1 . First, the transverse problem is solved in the vertical direction, where a single-mode symmetric slab waveguide with TE polarization and core width h describes the propagation in the central region of the 2D problem. The final effective index model is then obtained looking again at the transverse waveguide geometry, but now along the horizontal direction with the core described by the effective index of the mode obtained in the former analysis. Since the electric field is now directed normal to the waveguide boundaries, the evolution in the resulting model corresponds to that of 2D TM field.
Solutions of the 2D equivalent model are obtained using the finite-difference time-domain (FDTD) method as implemented in the MEEP software package [35] . FDTD simulations are highly accurate and versatile, easily permitting to study the propagation effects in curved waveguide sections. On the other hand, the computational requirements are far larger than those of other numerical techniques. The existence of four parameters in the optimization domain (l of f , R e , w e , θ) for the device geometry shown in Fig.  5 together with the high computational load of FDTD method demands a judicious strategy that allows for a systematic, affordable, optimization of the microresonator geometries. The proposal itself is the result of the combination of two geometry modifications that independently address two distinct physical effects that produce radiation losses, even though both are are associated to the presence of curved waveguide sections. The effect of the discontinuity from straight to bent sections in the racetrack that is mitigated with the lateral offset technique would be absent in a ring microresonator. At the same time, the radiation continuously shed at the curved propagation sections can be affected by the coupling condition at the discontinuity, but it is expected to be mostly dependent on the modal field properties at the curved waveguides.
Even though the simultaneous presence of the two loss mitigation measures may result in some mutual interdependence, the device optimization is performed under the assumption that the loss effects can be treated independently. The optimal lateral offset l of f is calculated in the absence of the pulley-type waveguide. Also, the dependence of the radiation quenching properties with the pulley exterior ring parameters R e and w e is calculated with l of f = 0. Besides, this optimization is performed with fixed θ 1 = θ 2 = θ. The value of θ is physically limited by the presence of the access waveguides in the device fabrication. A reasonable value of θ = 30
• is used in most of the calculations. Nevertheless, the effect of the value of θ are also studied independently for certain parameter values. In a latter analysis, the combined effects in the resonator Q-factor obtained from the independently optimized parameters are analyzed for several configurations. The optimization strategy, though limited by the intense computational load of FDTD calculations, is shown to produce valuable designs with large improvements in the resonator Qs.
The proposal is evaluated at two representative values of the bend radius: R =15 µm and R =25 µm. It is in this regime, with significative radiation losses, where the proposed geometry modifications are relevant and correspond to a meaningful reduction on the bend radii over conventional implementations. Furthermore, other sources of propagation loss are negligible when compared to the radiation losses and can be safely neglected. In any case, other loss mechanisms would produce a fixed contribution to the reduction of the intrinsic resonator Q which would equally affect all the cases and, therefore, are irrelevant for our optimization.
The geometry employed in the optimization stage is shown in Fig. 5 . It corresponds to the propagation along half a resonator round-trip. A narrow Gaussian optical pulse is injected in the top straight waveguide section and the time-domain output field is measured in the bottom straight waveguide. Fourier transforming the temporal response permits to determine the propagation loss in each configuration in a broad spectral range. In the analysis, the power round-trip loss A is calculated for each case from the FDTD simulations and the percentual improvement over the case without geometry modifications A 0 is employed for performance evaluation purposes. Direct percentual improvements would be very difficult to interpret, since the absolute radiation loss varies widely between the two radii considered. A fair comparison can be obtained if the power lost due to radiation in one 9 propagation round-trip of duration t R is related with the cavity life-time τ 0 as
In turn, τ 0 is directly related with the cavity intrinsic Q 0 as [14]
where ω 0 = 2πν 0 and ν 0 is the frequency of the optical carrier. The relative round trip loss improvement IF used in this work is defined as
where results with prime correspond to the transmission in the presence of radiation mitigation geometry modifications. This way, also, the improvement factors obtained from the radiation reduction strategies are quantified by their direct impact on the cavity intrinsic Q 0 . 
Results

Geometry optimization
Lateral offset
The calculated round-trip improvement factors, as defined in Eq. (3), as a function of the lateral offset l of f (see Fig. 5 ) are displayed in Fig. 6 for R =15 µm (a) and R =25 µm (b). Results are plotted for four vacuum wave-length values covering the whole band between 1.50 µm to 1.65 µm. As a whole, the results show a monotonic increase of the peak improvement factor with R/λ 0 . Therefore, the improvement factors attainable for R =25 µm radius are significantly larger than those for R =15 µm in this band. Nevertheless, the sensitivity to the optimal value of l of f also increases with R/λ 0 . Whereas for R =25 µm fabrication tolerances would have a negligible on the performance of fabricated devices, they would start to be an issue for the shorter wavelengths at R =25 µm. Fig. 7 depicts the loss improvement factors as a function of the parameters defining the exterior annulus (R e and w e ) for R =15 µm and a fixed value of θ = 30
Pulley ring sector
• . The results are plotted for four different wavelengths: 1.50 µm (a), 1.55 µm (b), 1.60 µm (c), and 1.65 µm (d). A regular sampling has been performed on the parameter regions ranging from w e =0.4 µm to 2.6 µm and R e =16 µm to 19.5 µm. The shaded contours deline the parameter regions where a positive improvement is obtained. At the low R e edge, there is a region showing a very steep enhancement of radiation as R e decreases. Above it, the improvement factor shows a highly oscillatory behavior both when R e and w e are varied, with local maxima diminishing their amplitude as the value of w e grows and, even more strongly, as R e is increased. There are little variations with wavelength in the range of λ 0 from 1.55 µm to 1.65 µm, but the differences are noticeable for the results at the largest R e /λ 0 shown at Fig. 7 (a) . In this plot, the peak values are slightly reduced and there is also a reduction in the shaded surface corresponding to the positive loss improvement regions. The domain around the global maxima for all the spectral range, near (R e = 17 µm,w e = 0.5 µm), is a reasonable working point also when fabrication tolerances are taken in consideration. In this case, the parameter region studied ranges from w e =0.2 µm to 2.6 µm and R e =26 µm to 31.5 µm. The oscillatory behavior of the results presented in Fig. 8 are similar to those in Fig. 7 . Nevertheless, the tendency in the decrease of peak values of the improvement factor as R/λ 0 increases, already observed in Fig. 7 (a) , is now more evident. This is accompanied, as going from 8 (d) to 8 (a) with a decrease of the amplitude of the oscillations and the appearance of peaks of similar improvement factor at different values of w e for the fixed value of R e 28 µm. This opens the possibility of other possible operation regions that will be further explored. At the largest R/λ 0 , the results displayed in Fig. 8 (a) shows a shift of the peak values of the local maxima to larger values of both R e and w e . Therefore, the overall picture depicted by Figures 7 and 8 shows systematic variations with R/λ 0 of the radiation-quenching properties provided by the external ring sector that are similar to those observed for the lateral offset implementation in a certain frequency range, whereas the improvement does not vary significantly as R/λ 0 is sufficiently small. In any case, the operation close to a selected local maximum is not compromised by fabrication tolerances due to smoothness of the variation of the improvement factor with the parameters in all cases.
The inspection of Figs. 6, 7 and 8 shows that comparable reduction factors in the radiation loss can be obtained by the two optimization strategies. For the shorter radius, with larger radiation losses at the bent sections, the improvement provided by the radiation quenching annulus is larger than that of the lateral offset, and the converse situation is found for the larger radius racetrack. For the simulations performed, it is observed an increase of the improvement obtained with the lateral offset and a simultaneous decrease (for a certain frequency range) of that of the external ring sector as R/λ 0 grows.
We now address the effect of the variation of the improvement factor with θ. The study is performed at three different operation points. The first, for R =15 µm, is near the largest local maximum in Fig. 7 , R e =17 µm and w e =400 nm. For R =25 µm, two sets of values are selected. The first is at R e =28 µm and w e =2.2 µm, close to a maximum obtained for relatively large values of R e . The second corresponds to the vicinity of the peak with the smallest R e and w e , similar to the maximum considered for R =15 µm,
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with R e =28 µm and w e =400 nm. Figure 9 : Variation of the round-trip loss improvement factor with θ for three different sets of parameters: (a) R =15 µm, R e =17 µm and w e =400 nm, (b) R =25 µm, R e =28 µm and w e =2.2 µm, (c) R =25 µm, R e =28 µm and w e =400 nm The improvement factors for the three aforementioned cases and four wavelengths covering the band between 1.50 µm to 1.65 µm are shown in Fig.  9 . It would be expected an enhancement as θ decreases, providing a broader coverage of the bent waveguide. This is, in general, the case but some remarks are due. As the coverage is close to complete when θ approaches zero, there is a slow-down of the increase of the improvement factor with decreasing θ or even a decrease. This can be attributed to the interaction with the discontinuity between the straight and bent waveguides. Also, the results in Fig. 9 (b) are clearly distinct from those of Figs. 9 (a) and (c) , showing wide variations of the improvement factor with the value of θ, although the global tendency of a reduction with an increase in θ is in general preserved. It is also important to note the differences observed in the dependence with the optical wavelength. Whereas for R =15 µm the variations with frequency in the whole band are minimal, very wide wavelength-dependent variations can be observed in the results for R =25 µm. This is consistent with the frequency dependent behavior observed in Fig. 7 and Fig. 8 . It is also observed that the changes with frequency are more important as the value of θ decreases. Even though the improvement factors obtained at the two maxima in Fig. 8 that correspond to the results in Figs. 9 (b) and (c), the wider variations with θ in the case of Fig. 9 (b) can be associated with a better stability of the local maximum at the smallest values of R e and w e .
Q factor
We now address, by numerical simulation, the quantitative effect of the proposed geometry modifications both in the intrinsic and loaded Q factor of the racetrack resonators. The length of the straight resonator sections is L s =30 µm in all cases, and two different values of R are considered, R =15 µm and R =25 µm.
We will compare the resonator Q with and without radiation loss mitigation measures for both values of R. In all cases, we consider θ = θ 1 = θ 2 =30
• , that is compatible with the introduction of access waveguides, as shown in Fig. 11 (b) . The previously determined optimal values of l of f are used, that correspond to l of f =200 nm and l of f =90 nm for R =15 µm and R =25 µm, respectively.
As regards the external annuli, the same three set of values corresponding to local maxima in the (R e , w e ) space that were analyzed regarding the dependence with θ will be used. These correspond to (R e = 17 µm, w e = 400 nm) for R =15 µm, and to (R e = 28 µm, w e = 2.2 µm) and (R e = 28 µm, w e = 400 nm) for R =25 µm. 
Unloaded Q
The racetrack microresonators have been characterized in an unloaded standalone configuration, without any coupling to an external circuit, by injecting an input signal in the upper straight section of the resonator and determining the frequencies and decay rates of the modes from the temporal evolution of the field at the opposite side of the resonator. The filter diagonalization method [36] has been employed to determine the resonances and their respective Q-factors.
The calculated results in the spectral region between 1.5 µm and 1.7 µm are shown in Figures 10 (a) and (b) for R =15 µm and R =25 µm, respectively. In panel (b), case A corresponds to (R e = 28 µm, w e = 2.2 µm) and case B to (R e = 28 µm, w e = 400 nm). Resonance frequencies and Q-factors for the conventional racetrack geometry are shown with squares. The results for the modified geometry proposed in this work show an improvement of the Q-factor by over 100% in most cases. As expected from the optimization previously performed, cases A and B display comparable improvement factors, even though case B is better if the whole optimization band is considered. For the three cases, the geometry with θ 1 = θ 2 = 0
• has also been studied. The results show the expected improvement in the Q-factor, consistent with the calculations of the previous subsection.
The values of the Q-factor illustrated in the calculations could be increased further, at the cost of reducing the free spectral range, simply by enlarging the straight waveguide sections since the Q-factor scales linearly with the total ring length [7] when losses are kept constant. This would be unpractical in the presence of high intrinsic material losses, such as in the SOI platform, but not in other technologies with lower intrinsic losses, like silicon nitride.
Loaded Q
The loaded Q-factors of the structures under analysis have been also addressed by studying the transmission properties of a R = 15 µm racetrack microresonator side coupled to a bus waveguide with and without the Qenhancing geometry modifications. The loaded Q-factor for a side coupled racetrack resonator at a resonance wavelength λ res is given by [7] 
where L is the ring length, a is the round-trip field amplitude loss factor and r is the mark field amplitude transmission coefficient of the coupler. The 20 corresponding FWHM bandwidth is
Therefore, at a given wavelength, an increase of the value of Q L corresponds to a reduction of the FWHM bandwidth by the same factor. According to (4) , the same value of r has to be used for a fair comparison between the structures. Nevertheless, the value of the effective coupler length is affected by the interaction between the field in the access and resonator waveguides in the curved sections close to the coupler [37] in a different manner when the lateral offset is introduced. Therefore, in order to obtain approximately the same coupling coefficient r in both cases, the separations between the two coupler waveguides for the unmodified and modified geometries have been set to 220 nm and 190 nm, respectively. The same width of 1 µm used in the ring has been assumed for the bus waveguide. The two geometries are shown in Figures 11 (a) and (b) . The transmission function at a resonance near λ =1.56 µm is shown in Figure 11 (c) and the corresponding transmission group delay in Figure 11 (d) . The results for our design are shown with solid lines and those of the conventional geometry with dashed lines. Changing the coupler waveguide separation produces a small relative shift of the resonances. The data obtained shows, on the other hand, a deeper and narrower resonance for the Q-enhanced geometry, consistently with the significantly larger values of the intrinsic unloaded Q previously determined. For the unmodified geometry, the resonance FWHM bandwidth is ∆λ FWHM =2.5 nm and it is reduced with the proposed geometry to ∆λ FWHM =1.3 nm.
Conclusion
In this work, a modified racetrack microresonator design has been proposed and analyzed. The new geometry aims to reduce the radiation losses, while fully keeping the original versatile connectivity properties of the device as part of integrated optical circuits. The proposal is particularly interesting for integrated photonics platforms with radiation losses due to curvatures potentially dominating the total propagation loss, such as is the case of silicon nitride.
Computer simulations of loaded and unloaded resonators show the expected increase of the Q-factor in the new optimized geometries. Even though device sizes have been kept relatively small in order to bound the computation times, the quality factor scales linearly with the total ring length [7] , and larger Q-factors should be easily attainable at the cost of reducing the free spectral range. This is an advantage in the implementation of racetrack microresonators with ultra-low loss optical integration platforms, such as Si 3 N 4 /SiO 2 , where the attenuation in the straight waveguide segments is very small and the radiation due to bent sections can be largely mitigated with the scheme proposed in this work.
In the optimization a value of θ 1 = θ 2 =30
• has been used in order to allow for the coupling to waveguides from both sides of the racetrack microresonator. An intermediate design alternative to the symmetric sectoring of the radiation quenching slabs could be to use θ 1 =0
• and θ 2 = 0
• . This could be used in side coupled racetrack resonators. For a racetrack in an add-drop configuration or as part of coupled resonator optical waveguides, the symmetric sectoring seems the most reasonable option.
The calculations performed show a comparable contribution to the enhancement of the Q factor from the two geometry modifications. Nevertheless, the dominant contribution comes from the lateral offset at the larger radius, whereas the converse is true at the shorter radius.
The analysis of the structures provides a guide for the determination of the optimal value of the l of f parameter, which is only dependent on the radius of the bent waveguide sections and is not different from former calculations regarding the junction between straight and bent waveguide sections [18] . As regards the design of the pulley ring sector, working at the local maximum obtained for the smallest values of R e and w e seems to be, in general, the option providing best performance and most stable operation for most the of the spectral range at bend radii considered. Nevertheless, the results obtained show that this changes as R/λ 0 becomes larger. Finally, a strategy based on the maximization of the value of θ within the constraints imposed by the requirement of coupling to the external circuit can be advised from the results of the calculations performed in this work.
It is noteworthy that the same design considerations used for the control of the radiation loss in the curved sections can be applied also to microring resonators, limiting the radiation reduction slab to an angular sector such that the normal evanescent coupling of the ring resonator to a side structure is conveniently permitted.
